Nitrogen-limited Chlamydomonas reinhardtii is chlorotic and very deficient in chlorophyll a/b lightharvesting complexes (LHC). Rates of synthesis of photosynthetic proteins, but especially the LHC apoproteins, are reduced 10-to 40-fold. Moderately high levels of chloroplast transcripts accumulate in nitrogen-limited cells, and there is a correlation between chloroplast DNA levels and chloroplast mRNA abundance. In contrast, nuclear transcripts encoding LHCII and ribulose 1,5-bisphosphate carboxylase small subunits are markedly reduced. Thus, nitrogen availability affects chloroplast protein synthesis by inhibition of translation and, to a lesser extent, chloroplast DNA amplification. Regulation of nuclear-encoded photosynthetic proteins by nitrogen is achieved through mechanisms affecting transcription and/or mRNA stability.
Nitrogen (N) assimilation, photosynthetic electron transport, and CO2 fixation are interwoven processes limiting plant growth. Reducing equivalents generated from photosynthetic electron transport are required for nitrate reduction, and ATP-dependent NH' assimilation into amino acids occurs primarily within plastids (1) . In turn, amino acid recycling is integral to photorespiration (2) . N availability not only restricts the photosynthetic efficiency of plants but also it appears to regulate photosynthate utilization. Typically, products such as starch, lipid, and carotenoids accumulate in N-deficient plants (3) (4) (5) (6) (7) . Despite major effects of N on photosynthetic pigments, information on its role in the regulation of photosynthetic gene expression and the synthesis of photosynthetic proteins is meager (8) (9) (10) .
MATERIALS AND METHODS
Culture Conditions. Chlamydomonas reinhardtii 137c, mt+ was grown in minimal medium (11) ; MgCI2 replaced MgSO4. The NH4Cl source was 150 ,uM for N-limited (NL) chemostats and 7.5 mM for batch culture (BC). NL chemostats had a dilution rate of 0.24/day. BC cells were maintained in logarithmic phase at the same cell density as NL cells (7) (8) (9) (10) x 105 cells per ml) by periodic dilution. All cultures were grown with saturating continuous illumination (250 microeinstein/m2-sec) at 26°C with stirring and aeration; supplements of 5% C02-enriched air increased cell density by 5-10% but did not affect cell phenotype.
RNA Purification and Analysis. Total RNA was purified by NaDodSO4 Iysis, phenol/chloroform/isoamyl alcohol extraction, and precipitation with 2 M LiCl. Organic phases were reextracted with aqueous solutions to ensure complete recovery. Denatured RNA was resolved on 1.5% agarose/6% formaldehyde gels and transferred to Zeta-Probe (Bio-Rad) membrane (12) . RNA was fixed to the membrane by UV treatment and stained with methylene blue (13) to evaluate transfer efficiency and to visualize rRNA mobility. Mem- The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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branes were prewashed [1 hr at 650C in 0.2x SSPE (lx SSPE = 0.15 M NaCl/50 mM Na2HPO4, pH 7.4/5 mM EDTA) containing 0.5% NaDodSO4], prehybridized (4 hr at 420C), and hybridized (24-48 hr at 420C) as described (14) . Blots were washed twice for 30 min at 260C in 2x SSPE/0.1% NaDodSO4 and twice for 15 min at 50'C in 0.1x SSPE/0.1% NaDodSO4 and then were exposed to Kodak XAR film at -70'C without intensifying screens. Dextran sulfate was used with pHS16 (see below) (15) . For dot blots, 50 /.d of equal amounts of RNA (adjusted with wheat-germ tRNA) were spotted onto Zeta Probe under low-vacuum conditions and processed as described above.
Southern Blot Analysis. DNA in the LiCI-soluble fraction of nucleic acid extracts was precipitated with ethanol and resuspended in water. DNA was digested with restriction enzymes (see the legend to Fig. 7) , treated for 30 min at 37°C with boiled RNase at 30 ,g/ml, and resolved on agarose gels. Before transfer to GeneScreenPlus (DuPont), DNA was depurinated (0.2 M HCO for 5 min), denatured (1.5 M NaCl/0.5 M NaOH), and neutralized (3 M NaCl/0.5 M Tris, pH 7.0). Prehybridization and hybridization solutions were as above but with NaDodSO4 at 0.5%. For dot blots, equal amounts of DNA (adjusted with herring sperm DNA) were denatured (0.25 M NaOH for 10 min), neutralized, and applied to GeneScreenPlus (see above).
DNA Probes. pHS16 recognizes a 1.2-kilobase (kb) transcript encoding apoprotein 17 and/or 16 of light-harvesting chlorophyll (Chl) a/b complex II (LHCII) (15, 16) . pKGlla was isolated from a phage Agtll library of Chlamydomonas (17) by using antibody against polypeptide 11, a 30-kDa LHCII protein. The 2.1-kilobase pair (kbp) pKGlla insert has sequence similarity to higher plant LHCII proteins and hybridizes to 1.1-and 1.2-kb transcripts and to several bands on Southern blots. The probe for the small (S) subunit of ribulose 1,5-bisphosphate carboxylase (RbuP2Case) is pCS2.1 (18) . Plasmids for chloroplast genes encoding proteins of the reaction center of photosystem II (PSII) include pEC23 (psbA), pEC51 (psbB), pEC36 (psbC), and pCP55 (psbD) (12) . Plasmid pR15.4 contains the coding sequences for the large (L) subunit of RbuP2Case (19) , p50 contains exon 3 of psaAl (20) , and pEC8b contains a 1.1-kbp BamHI fragment internal to psaA2 (20) pBC7, is the 7.6-kbp BamHI fragment cloned in pBR322 (14) . Mitochondrial sequences for cytochrome oxidase subunit 1 and a respiratory NADH dehydrogenase subunit (21) are on pH1 (22) .
Other Methods. Cells were labeled with 31S04 (12) for either 10 min or 1 hr. Radioactivity in the protein was determined as described (23) . Thylakoids were obtained from French press-disrupted cells by flotation through sucrose gradients (24) . Chl was determined in 80% acetone (25) . Thylakoid protein was determined (26) (12, 27, 28) . Cellular N was determined with a Coleman N analyzer, with cells harvested under low vacuum onto precombusted glass fiber filters. Protein N was determined similarly after cells were solubilized in NaDodSO4; nonprotein N was removed as described (23 (9, 10) . Cells grown in either K-or P-limited cultures do not exhibit these characteristics (10) . Thus, the NL phenotype is not simply due to reduced growth rates.
Fluorescence Spectra. The altered composition of pigments in NL thylakoids suggests that novel mode(s) of excitationenergy transfer may exist. To discern effects on energy transduction, 77 K fluorescence spectra were measured (Fig.  1 ). Excitation spectra corroborated that NL cells have low levels of Chl b and that carotenoids are not well coupled to PSI, PSII, or LHCII. Their emission spectra has a large shoulder at 678 nm (F678) that was absent in BC cells (Fig.  1 ). An anomalous emission also was observed in purified thylakoids of NL cells but it and the other peaks were red-shifted 10 nm (not shown). Fluorescence emissions at wavelengths <685 nm are generally ascribed to LHCII dissociated from reaction centers (30, 31) . When Chl b was preferentially excited, the F678 shoulder was absent, while emissions from PSII (685 nm) and PSI (715 nm) increased. Thus, the F678 shoulder does not arise from Chl b-containing complexes but reflects alterations of pigment composition, a reorganization of Chl-protein complexes, or a loss of excitation-energy transfer efficiency.
Pigment-Protein Complexes. Because of the F678 signal and altered pigment accumulation in NL cells, the levels of pigment-protein complexes were investigated by LiDod-S04/PAGE ( Fig. 2A) as CP29, was virtually absent. LHCII was reduced by a factor of 5 in NL cells. Although less abundant, the LHCII complex isolated from NL cells was similar to that from control LHCII as determined by absorption, fluorescence, and CD spectroscopy (not shown). Peptide mapping studies indicated that (i) LHCII proteins have the same topological organization in thylakoids of NL and BC cells, and (it) similar LHCII gene products accumulate under both growth conditions. In addition, LHCII apoproteins in NL cells were phosphorylated, but qualitative differences suggest altered kinase/phosphatase activity (9) .
Core Chl-protein complexes of PSII (CCII) were not recovered from thylakoids of NL cells ( Fig. 2A) . Presumably this reflects increased lability of CCII, since these complexes would be required for phototrophic growth; in vivo PSII activity (H20 to p-benzoquinone) per unit of Chl was high. In contrast to other Chl-protein complexes of NL thylakoids, the PSI complex (CCI) was abundant but had increased electrophoretic mobility (Fig. 2A) .485nm
an altered Chl a/,B carotene ratio, although peptide maps of the CCI proteins from NL and BC cells were indistinguishable (not shown). Accumulation of Photosynthetic Proteins. To determine if the reduction and/or absence of LHCI, LHCII, and CCII in NL cells is due to either their increased lability or a reduced abundance of their apoproteins, pigment-protein complexes were dissociated by heat before thylakoid proteins were resolved by LiDodSO4/PAGE. When compared on either an equal Chl or an equal protein basis, the LHCII apoproteins were severely depleted in NL cells (Fig. 2B) . Though difficult to discern in the photograph, the LHCI apoproteins also were severely reduced in NL cells. Quantitative "rocket" immunoelectrophoresis analyses indicated that LHCI and LHCII proteins, accumulated to 15-20% of BC levels (9) . The CCII apoproteins, psbB and psbC, were moderately abundant (35% of BC levels); thus, the absence ofCCII ( Fig. 2A) results from increased lability in thylakoids of NL cells. Proteins in the region of the CCI apoprotein, psaA, and the a and 8 subunits of ATP synthase were relatively more abundant in NL cells; on a per cell basis, these proteins were present at 90% and 60%, respectively, of BC levels. RbuP2Case S and L subunits accumulated to 60% of their BC levels, while plastocyanin and the largest subunit of the extrinsic water oxidation complex accumulated to 35% of BC levels (9 N provision has pronounced qualitative effects on protein synthesis. Although absolute rates of protein synthesis were reduced in NL cells (Fig. 3) , several soluble proteins were relatively more abundant than in BC cells (Fig. 4A) . Abundantly synthesized membrane proteins in NL cells are psbA, psaA, and three proteins with molecular masses intermediate between these two proteins (Fig. 4B) . In contrast, LHCI and LHCII proteins (28, 33) , polypeptides 9, 10, 13, 14, 15, 17.2, 18, and 22, also were synthesized at reduced rates in NL cells.
N-Dependent Greening of NL Chlamydomonas. To assess recovery from the NL state, cells were administered a pulse of NH4Cl so that N concentrations equaled that of BC cells. Cell numbers increased slightly for 12 hr after the N pulse, but then cell division ensued (Fig. 3) . Cellular N increased suddenly after the N pulse, presumably due to increased levels of free amino acids, but then accumulated slowly until cell division. Protein synthesis was immediately stimulated by the N pulse, increasing 10-fold within 30 min in both soluble and membrane fractions. In part, this increase could be due to formation of aminoacylated tRNAs. The effect on protein synthesis preceded accumulation oftotal RNA levels, but both increased for several hours before declining rapidly. The period of most rapid protein synthesis coincided with a large increase in Chl and a decline in the Chl a/b ratio indicative of preferential accretion of LHCII.
N repletion immediately stimulated synthesis ofan array of proteins including the RbuP2Case subunits (Fig. 4A ). The LHCII apoproteins had extremely low rates of synthesis for the first 2 hr after N addition, but were major products 5 hr after the pulse (Fig. 4B) . In contrast, the relative (but not absolute) rate of synthesis of psbA was decreased by N repletion, but not as much as that of psaA. After approximately 12 hr, the relative rates of synthesis of most proteins were virtually indistinguishable from those of BC cells (not shown).
Photosynthetic Transcripts. Total RNA in NL cells was reduced to the same level (=60%) as protein N and cellular N (Fig. 3) . Chloroplast encoded transcripts also were diminished to -60% of BC levels, but two mitochondrial transcripts were augmented (Figs. 5 and 6 ). In contrast, transcripts for two nuclear-encoded proteins, LHCII and RbuP2Case S, were extremely reduced. Both proteins are encoded by small gene families, and the relative abundance of transcripts from each member was differentially affected 9) as shown in Fig. 3. (B) Gels loaded with equal RNA. The rbcL probe (pR15.4) hybridizes to the 1.6-kb transcript, and the rbcS probe (pCS2.1) hybridizes to the 1.1-and 0.85-kb transcripts. 28S and 18S are cytoplasmic rRNAs; 23S, 16S, and 7S are chloroplast rRNAs, f denotes rRNA fragments; numbers are sizes of transcripts in kb. Other probes are pBC4 (rrn), pKGlla (cabi, cab2), and pH1 (urf5, col).
by the NL state. For instance, the 1.2-and 1.1-kb LHCII transcripts accumulated to 80% and 10%6, respectively, of BC levels. Accretion of total RNA began soon after a N pulse and continued for several hours (Fig. 3) . Accumulation of chloroplast transcripts was modest until 2-4 hr after the N pulse (Figs. 5 and 6) . Thereafter, the time at which a chloroplast transcript reached its maximum accumulation varied, and the increase for each was small (2-to 3-fold) and temporally limited. The level of each chloroplast transcript decreased and approached BC levels within 12 hr of the N pulse. In Chlamydomonas, several chloroplast genes have introns (e.g., psbA), must be trans-spliced (e.g., psaAl; ref. 20) , or are polycistronic units that undergo processing to yield multiple RNA species (e.g., psbB and rRNA). For each of these, only mature transcripts were observed regardless of the NL status ( Fig. 5 ; also data not shown).
Both LHCII mRNAs declined markedly within 1 hr of the N pulse but were 30-fold higher than in BC cells 4-6 hr later. The 1.1-kb RbuP2Case S subunit transcript also declined after the N pulse, while the 0.85-kb transcript began to increase immediately. The accumulation pattern of the chloroplast RbuP2Case L subunit mRNA is unlike either of the nuclear-encoded RbuP2Case S transcripts.
Accumulation of Organellar DNA. Chloroplast and mitochondria are polyploid, and the amplification of chloroplast DNA (cpDNA) (34) and perhaps mtDNA (35) is dependent upon light and nutritional status. Southern (Fig. 7) and dot-blot analyses (9) of NL cells indicated that cpDNA and mtDNA are reduced. Moreover, the levels of chloroplast, but not mitochondrial, mRNAs coincided with DNA levels, indicating that cpDNA dosage also is a regulatory mechanism affecting N-dependent organelle gene expression. Fig. -1) . The origin of the F678 shoulder in spectra of NL Chlamydomonas is enigmatic. Although emissions such as this have been assigned to LHCII dissociated from reaction centers (30, 31) , this is not the case here: F678 is detected when Chl a, but not Chl b or xanthophylls, is excited, indicating that the emission arises from pigment beds other than LHCII. Although we have discerned alterations in the PSI pigment-protein complex CCI, we cannot yet ascribe F678 to PSI. Alterations in PSII also are possible F678 sources; CCII of NL cells seems to dissociate readily during LiDodSO4/PAGE (Fig. 2) .
N-dependent effects on photosynthesis have been analyzed by measuring enzyme and/or electron-transport activities (6, 7) . Such studies have demonstrated species-dependent differences in the accumulation of Chl, RbuP2Case, and electron-transport components. While (36) and senescence in higher plants (34) . Since chemostat-grown NL cells are neither gametes nor senescent, the reductions in cpDNA and mtDNA are direct effects of N limitation rather than a consequence of cell differentiation. Despite the reductions in organelle DNA, mitochondrial mRNAs are accumulated to high levels, and chloroplast transcripts are moderately abundant in NL cells, although the latter are not translated with high efficiency.
There are many parallels between light-induced accumulation of photosynthetic pigments (3) , proteins (37), mRNA (37) , and cpDNA (38) and those observed during N-induced greening. Both N-dependent and light-dependent regulation of photosynthetic gene expression could be partially mediated by a common regulatory factor(s). Moreover, synthesis of enzymes involved in N assimilation (39) and/or their activation (40) require light. Thus, it is possible that lightdependent changes in gene expression are actually superimposed upon alterations in transcription, translation, and cpDNA replication, which occur as a result of N-dependent chloroplast biogenesis. 
